Zero-and longitudinal-field muon spin relaxation (µSR) experiments have been carried out in the alloy series Pr(Os1−xRux)4Sb12 and Pr1−yLayOs4Sb12 to elucidate the anomalous dynamic muon spin relaxation observed in these materials. The damping rate Λ associated with this relaxation varies with temperature, applied magnetic field, and dopant concentrations x and y in a manner consistent with the "hyperfine enhancement" of 141 Pr nuclear spins first discussed by Bleaney in 1973. This mechanism arises from Van Vleck-like admixture of magnetic Pr 3+ crystalline-electricfield-split excited states into the nonmagnetic singlet ground state by the nuclear hyperfine coupling, thereby increasing the strengths of spin-spin interactions between 141 Pr and muon spins and within the 141 Pr spin system. We find qualitative agreement with this scenario, and conclude that electronic spin fluctuations are not directly involved in the dynamic muon spin relaxation.
I. INTRODUCTION
The filled skutterudite compound PrOs 4 Sb 12 is the first praseodymium-based heavy-fermion superconductor to be discovered, 1 and is one of the few f -electron heavy-fermion compounds in which a non-Kramers ion exhibits a nonmagnetic crystalline-electric-field (CEF)-split ground state. Both the normal and superconducting states of PrOs 4 Sb 12 are unusual: The Γ 1 singlet Pr 3+ ground state is separated from a Γ
4 first excited state (tetrahedral notation 2 ) by a remarkably small splitting ∆E CEF /k B ≈ 7 K, [3] [4] [5] [6] leading to strong CEF effects at low temperatures. There is no sign of magnetic ordering. The Sommerfeld coefficient γ is difficult to measure in the presence of the CEF Schottky anomaly in the low-temperature specific heat, but is estimated to lie between 500 and 750 mJ mol −1 K −2 . The Pr 3+ ions are enclosed in an icosahedral cage of Sb atoms that is considerably larger than the ionic size, and large-amplitude Einstein-like 4f -ion phonon modes ("rattling" modes) are observed. Below the superconducting transition temperature T c = 1.85 K an unconventional superconducting phase is found, 7 with evidence for multiple phases, time reversal symmetry breaking, 8 and extreme multiband behavior. 9, 10 Dispersive antiferroquadrupolar excitons and an unusual low-temperature high-field phase with antiferroquadrupolar order are observed. 5 The mechanism or mechanisms for heavy-fermion behavior and Cooper pairing in this compound remain controversial; rattling modes 11 and Pr
3+
quadrupole fluctuations 12 have been proposed. Muon spin relaxation (µSR), 13, 14 like other magnetic resonance techniques, probes magnetism and electronic structure in solids on the microscopic (atomic) size scale.
In µSR experiments spin-polarized positive muons (µ + ) are implanted into the material of interest and stop at interstitial sites. During its lifetime each muon spin precesses in the magnetic field at its site and eventually decays (µ + → e + + ν e + ν µ ); the direction of the emitted positron's momentum is correlated with the muon spin direction at the moment of decay. A large number of such events determines the time development (relaxation) of the ensemble-average muon spin polarization. Several µSR studies of Pr-based filled skutterudites have been reported. 8, [15] [16] [17] [18] [19] [20] The magnetic environment of the muon creates a local field H loc at the muon site that causes muon spin relaxation. Relaxation mechanisms can be divided into two classes, depending on the behavior of H loc :
• static (or quasistatic 21 ) relaxation, due to an inhomogeneous static distribution of H loc that causes a spread of muon Larmor frequencies and consequent loss of muon spin phase coherence;
• dynamic relaxation (often called spin-lattice relaxation in the NMR literature), due to thermal fluctuations of H loc that induce transitions between muon spin levels and equilibrate the muon spin populations. The equilibrium muon spin polarization is negligible compared to the initial polarization (∼100%). The dynamic component of H loc usually arises from electronic spin fluctuations; we shall see, however, that nuclear spin fluctuations can also be involved.
In longitudinal-field µSR (LF-µSR), which includes zerofield µSR (ZF-µSR) as a special case, a magnetic field H L is applied parallel to the initial muon spin polarization. The dependence of the muon spin relaxation on H L helps to separate the static and dynamic contributions to the relaxation.
22,23
The ZF-µSR spin relaxation function in PrOs 4 Sb 12 at low temperatures 8 could be fit by the product of an exponential damping factor exp(−Λt) and the Kubo-Toyabe (K-T) functional form 22, 23 expected for a Gaussian quasistatic field distribution. This behavior was attributed to a two-component form of H loc : a static component, responsible for the K-T relaxation, and a second component, responsible for the exponential damping, which was determined by LF-µSR measurements to be due to dynamic fluctuations. 8 The origin of this dynamic component was not clear, although 4f -electron dynamics associated with the small CEF splitting were noted as a possible mechanism. In the normal state above T c the qua- ions.
29 Hyperfine-enhanced 141 Pr nuclear moments have a significant effect on muon spin relaxation: the mechanism accounts for the observed damping of the muon spin relaxation, and is qualitatively consistent with the behavior of the damping rate Λ with enhancement strength and Pr-ion concentration dependence (for Pr 1−y La y Os 4 Sb 12 alloys) across both alloy series. Exchange-mediated interactions appear to dominate the 141 Pr spin dynamics. The origin of the dynamical muon spin relaxation has been clarified, and we conclude that electronic spin fluctuations (except those associated with the hyperfineenhancement mechanism) are not directly involved in the anomalous muon spin relaxation.
The article is organized as follows. After a brief description of the experiments in Sec. II, we report our experimental results for Pr(Os 1−x Ru x ) 4 Sb 12 and Pr 1−y La y Os 4 Sb 12 in Sec. III. We consider the dependence of the muon exponential damping rate Λ on H L , temperature, and dopant concentrations x and y, and their implications for the mechanism for the dynamic muon spin relaxation in Sec. IV. Our conclusions are summarized in Sec. V.
II. EXPERIMENTS
ZF-and LF-µSR experiments were carried out in Pr(Os 1−x Ru x ) 4 Sb 12 , x = 0.05, 0.1, 0.2, 0.6, and 1.0, and (Pr 1−y La y )Os 4 Sb 12 , y = 0.2, 0.4, 0.6, and 0.8. ZF-and LF-µSR experiments were carried out on powdered samples at the Meson Science Laboratory, KEK, Tsukuba, Japan, and the MuSR spectrometer at the ISIS neutron and muon facility, Rutherford Appleton Laboratory, Chilton, U.K. LF-µSR experiments were carried out at the M15 beam line at TRIUMF, Vancouver, Canada, on mosaics of oriented ∼1 mm 3 crystals, prepared by the Sb-flux method, 30 with 100 directions parallel to the applied field.
3 He-4 He dilution cryostats were used to obtain low temperatures. The mosaic crystals were mounted on a thin GaAs backing, which at low temperatures rapidly depolarizes muons and minimizes any spurious signal from muons that do not stop in the sample. Standard time-differential µSR asymmetry data 13, 14 were taken in the normal and superconducting states at temperatures in the neighborhood of T c for H L between 0 and 125 Oe.
III. EXPERIMENTAL RESULTS
A. Zero-field muon spin relaxation Figure 1 shows the ZF-µSR positron count rate asymmetry The zero-field static Gaussian K-T relaxation function
describes muon spin relaxation by randomly-oriented quasistatic muon local fields, with Cartesian components that vary according to a Gaussian distribution with a zero mean value and an rms width ∆/γ µ (γ µ is the muon gyromagnetic ratio). The "damped Gaussian K-T" function
where Λ is the damping rate, was fit to the experimental data (solid curve in Fig. 1 ). Although the data appear to decay roughly exponentially, it can be seen that the best fit to a simple exponential (dashed curve in Fig. 1 ) is not as good as the fit to Eq. (2). Before analyzing the relaxation data further, we discuss the choice of Eq. (2) as a fitting function. In ZFand LF-µSR, fluctuations of H loc are often treated using the "dynamic K-T" relaxation function, 23 in which H loc fluctuates as a whole with a single correlation time. Such a procedure is not appropriate in the present experiments, however. A quasistatic contribution to H loc , due mainly to Sb nuclear dipolar fields, is also present, so that H loc is the sum of quasistatic and fluctuating components.
8 Figure 2 shows ZF-µSR data obtained from the isostructural compound LaOs 4 Sb 12 (here the timeindependent signal has been subtracted), in which there are no 4f electrons. 16 The best fit of Eq. (2) ]. In the latter compound the nuclear dipolar field is the only mechanism for the static K-T term.
16,31
This near equality is additional evidence that ∆ is due to nuclear dipolar fields in PrOs 4 Sb 12 . Furthermore, significantly better fits to zero-field data are obtained using the damped static K-T function (reduced χ 2 typically ∼1.1) than the dynamic K-T function (reduced χ 2 typically ∼1.4). We therefore use damped static relaxation of the form of Eq. (2) to model the situation where muon spin states are split into Zeeman levels by the quasistatic component of H L + H loc , and the fluctuating component of H loc induces transitions between these Zeeman levels.
In Fig. 3 little temperature dependence is observed in this temperature range; this is also the case for Pr 1−y La y Os 4 Sb 12 alloys (data not shown). This weak temperature dependence strongly suggests that Λ is due to nuclear magnetism rather than electronic spin fluctuations: the latter would be expected to show significant temperature dependence, especially below T c , whereas fluctuations arising from nuclear spin-spin interactions are temperatureindependent except at very low temperatures. 32 The dynamic relaxation is unlikely to arise from fluctuations of 121 Sb and 123 Sb nuclear spins, which should result in quasistatic contributions to H loc because their spin-spin and spin-lattice relaxation times are relatively long.
33
A candidate mechanism for dynamic muon spin relaxation is the hyperfine-enhanced 141 Pr nuclear spin system with hyperfine-enhanced effective nuclear moments, 29 , described briefly in Sec. I, which as discussed below in Sec. III B leads to dynamic muon spin relaxation rates in qualitative agreement with experiment.
141 Pr nuclear spin fluctuations due to hyperfine-enhanced 141 Pr-141 Pr spin-spin interactions can be rapid enough to cause dynamic muon spin relaxation, since both dipolar and exchange-mediated contributions to these interactions are increased by hyperfine enhancement. The observed nuclear Schottky anomaly in the low-temperature specific heat of PrOs 4 Sb 12 , 3 is similarly enhanced. Hyperfineenhanced relaxation is independent of temperature for
34 which is roughly satisfied in the present experiments.
B. Longitudinal-field muon spin relaxation
We first review the effect of longitudinal applied field H L on LF-µSR measurements. 22, 23 In the case where H loc is quasistatic, for H L ≫ ∆/γ µ the (quasistatic) resultant field H loc + H L is nearly parallel to the initial muon spin direction. Then the precession that causes quasistatic relaxation is reduced in amplitude, and the muon spin polarization is nearly time-independent. For weaker fields H L ≈ ∆/γ µ , the muon polarization at long times increases with increasing H L . This phenomenon, called "decoupling," does not occur for dynamic relaxation unless the latter is quenched for H L ≈ ∆/γ µ ; this is unusual because nuclear dipolar fields are small, of the order of a few Oe, and applied fields this small seldom affect dynamic relaxation mechanisms. Thus LF-µSR measurements help to determine whether the observed ZF relaxation is due to static or dynamic contributions to H loc . 23 In favorable cases the dependence of the damping rate Λ on H L yields statistical properties (rms amplitude, correlation time) of the fluctuating field.
23,35
LF-µSR experiments were performed in weak longitudinal fields H L in the normal state just above T c . Representative LF-µSR spectra are shown in Fig. 4 . The data exhibit the late-time field dependence that is a characteristic feature of decoupling, together with overall damping that is stronger at lower fields. A "damped static longitudinal K-T function" appropriate to nonzero H L , of the form of Eq. (2) with G KT z (∆, t) now the static Gaussian K-T function in nonzero applied longitudinal field, 23 was therefore fit to the data. "Global" fits to all the fielddependent data at a given temperature were carried out, with ∆ taken to be independent of field but varied for best fit. The field dependence of Λ was obtained under this condition. Figure 5 shows these field dependencies for several alloys. The fit values of ∆ are given in Table I , which also shows parameters derived from the field dependence of Λ as discussed below in Sec. IV A. The values of ∆ obtained in this way are larger than those obtained from fits to ZF-µSR data, and moreover ∆ exhibits an increase with increasing H L (not shown) if allowed to vary with field. This behavior indicates that the data depart somewhat from the form of Eq. (2), and we consider the fit values of ∆ and Λ to be of qualitative significance only.
If the exponential damping were due to a (Lorentzian) distribution of static contributions to H loc , the observed ZF value of Λ leads to an estimate Λ/γ µ ∼ 1 Oe for the spread of the local fields H loc . Then an applied longitudinal field of order 10 Oe should nearly decouple H loc and there should be almost no damping. But it can be seen from Fig. 5 that in general Λ is reduced only slightly for H L = 10 Oe. Thus the exponential damping is not decoupled, which is evidence that Λ is dynamic rather than static in origin. 8 The observed decoupling in Fig. 4 is associated solely with the behavior of G KT z (∆, t), hence with quasistatic relaxation by Sb nuclear dipolar fields.
For any distribution of quasistatic local fields the ZF-µSR asymmetry at long times is expected to approach 1/3 of its initial value A. 23 In Pr-based samples, however, the zero-field value of the asymmetry at long times is typically much lower than A/3. For PrRu 4 Sb 12 this can be seen in Fig. 4 (c) (circles) (see also Fig. 2 
of Ref. 18).
Like the absence of decoupling, this behavior is evidence that the exponential damping is dynamic.
IV. DISCUSSION

A. Muon relaxation by fluctuating 141 Pr nuclear spins
Hayano et al. 23 calculated the LF-µSR and TF-µSR relaxation rates due to dipole-coupled nuclear spins based on the theory of magnetic resonance absorption formulated by Kubo and Tomita. 36 In their calculation spin dynamics arise from muon diffusion in a lattice of quasistatic nuclear spins, but the treatment applies equally to the case where the muon is stationary and it is the nuclear spins that are fluctuating; Lowe and Tse 35 carried out an equivalent calculation for relaxation of nuclear spins, with essentially the same result. We therefore apply the results of Hayano et al. to the present experiments, after modification to include hyperfine enhancement of the 141 Pr nuclear spins. This is accomplished by replacing the bare 141 Pr gyromagnetic ratio 141 γ by the enhanced value 141 γ(1 + K), where K is the hyperfine enhancement factor (i.e., the 141 Pr Knight shift), 29, 34 assumed isotropic for the tetrahedral 2 Pr site. The damping rate Λ is
where σ VV is the high-field muon Van Vleck relaxation rate 23 due to 141 Pr dipolar fields (used here as a measure of the rms amplitude of these fields), τ c is the correlation time of the 141 Pr spin fluctuations, and a powder average has been taken. The rapid-fluctuation limit σ VV τ c ≪ 1 is assumed, since otherwise an exponential damping function would not be expected. 23 This relation includes the contributions to Λ of both longitudinal 141 Pr spin fluctuations, 35 which are assumed to have a common correlation time τ c . The field dependence of Λ arises from the fact that the muon spin relaxation rate is proportional to the fluctuation noise power at the muon Zeeman frequency γ µ H L ; for weakly-coupled nuclear spins the dipolar fluctuation spectrum consists of broadened peaks centered at 0, 32, 35 corresponding to each of the terms of Eq. (3).
From Fig. 5 it can be seen that the field dependence of Λ is generally well fit by Eq. (3). We find, however, that the form of this relation does not determine K well compared to the other fitting parameters. We therefore obtain K independently from the observed low-temperature molar susceptibility χ mol of the Pr ions, 26, 27, 37 and fix it in the fitting. This is done using the relation 29,34,38
where a hf = 187.7 mole emu −1 is the Pr atomic hyperfine coupling constant. The calculated values of K χ are given in Table I , together with the experimental values of σ VV and τ c obtained from the fits.
B. Comparison of data to hyperfine-enhancement model
Next we compare the experimental values of σ VV and τ c to those expected from the hyperfine-enhancement scenario, assuming dipolar couplings between all spins. We make the ansatz that the 141 Pr spin fluctuations are due to spin-spin interactions within the 141 Pr spin system; in analogy with the discussion of muon spin relaxation in Sec. III A, one would expect significant 141 Pr spin-lattice relaxation by 4f electronic spin fluctuations to result in considerable temperature dependence of Λ contrary to experiment.
We first calculate the "unenhanced" (i.e., using the bare 141 Pr gyromagnetic ratio) 
and
in both cases the dependence on K comes solely from the hyperfine enhancement of 141 γ (Refs. 29 and 34). The calculated values of σ VV and τ c are given in Table I. For the La-doped alloys ensemble averages of the lattice sums have been taken over random 141 Pr site locations. 32 The experimental and calculated values of σ VV are in rough agreement, but the experimental values of τ c are systematically smaller than the calculated values, sometimes by more than an order of magnitude. Correspondingly, the inequality σ VV τ c ≪ 1 required for our analysis is satisfied by the experimental values of σ VV and τ c but usually not by the calculated values.
The discrepancy between experimental and calculated values of τ c is most likely an indication that the assumption of purely dipolar 141 Pr-141 Pr interactions is not valid. Indirect RKKY-like interactions mediated by the Pr 3+ intra-ionic exchange interaction 29 may decrease τ c considerably since they are also hyperfine-enhanced, but are difficult to estimate in PrOs 4 Sb 12 . A brief discussion of limits on the exchange-mediated 141 Pr-141 Pr interaction constant 141 J ex is given in the Appendix, which concludes that indirect interactions would account for the experimental values of τ c (Table I) with only a modest Pr 3+ exchange coupling. We note that τ c is also the 141 Pr NMR signal lifetime (spin-echo decay time) T 2 , so that 141 Pr NMR experiments would provide an independent measure of this quantity. Unfortunately the values of τ c from Table I ( 1 µs) are too short for the NMR signal to be observable using current spectrometer technology. Moreover, a search for the 141 Pr resonance would be difficult because of uncertainty in the hyperfine enhancement factor K. The mere observation of a 141 Pr NMR signal would therefore significantly modify the conclusions of this paper, a fact which might motivate such a search.
An exchange-mediated 141 Pr-µ + interaction, using a Fermi contact interaction between the mediating electrons and the muon, could also be present. A scalar interaction ∝ I · S µ , where I and S µ are 141 Pr nuclear and muon spin operators, respectively, leads to a muon spin relaxation rate of the form of Eq. (3) the second term in the brackets. 39 Unfortunately the relative strengths of dipolar and exchange-mediated interactions cannot be determined accurately from fits of an appropriately generalized version of Eq. (3) to the data. Exchange-mediated interactions would, however, be unlikely to dominate (hyperfine-enhanced) µ + -141 Pr dipolar interactions, since in f -electron metals the magnitudes of dipolar and electron-mediated interactions between local electronic moments and muon spins are usually comparable. 40 The rough agreement between experimental and calculated dipolar values of σ VV (Table I) is consistent with this observation.
Other sources of uncertainty in the comparison between experimental and calculated parameters in Table I include (1) the fact that the low-temperature susceptibility may not be entirely due to the Van Vleck mechanism, leading to error in the calculation of K χ , and (2) the fact that the calculation of σ VV depends on the assumed muon stopping site in PrOs 4 Sb 12 . The stopping site has not been determined definitively; indeed, high-field TF-µSR 41 suggests that there may be more than one muon site. Given these caveats, together with the qualitative nature of parameters derived from fitting the µSR data (Sec. III B), the agreement between the experimental results and the hypothesis of hyperfine-enhanced 141 Pr nuclear magnetism can be regarded as satisfactory. Figure 6 gives the Ru and La concentration dependencies of the zero-field damping rate Λ(0) just above T c . We see that Λ(0) decreases as the Pr sublattice is diluted with La ions, as expected if the dynamic relaxation is due to 141 Pr nuclear magnetism. In Pr(Os 1−x Ru x ) 4 Sb 12 , where the Pr sublattice is not diluted, it can be seen in Fig. 6 (b) that Λ(0) generally increases by ∼50% as x is increased from zero, and decreases again as x → 1. For dipolar coupling Λ(0) = 5σ be involved: (1) the concentration dependence of ∆E CEF , which affects χ mol and hence K χ [Eq. (4)], and (2) the (unknown) concentration dependence of 141 J ex across the alloy series.
V. CONCLUSIONS
ZF-and LF-µSR measurements have been carried out in the filled skutterudite alloys Pr(Os 1−x Ru x ) 4 Sb 12 , x = 0.05, 0.1, 0.2, 0.6, and 1.0, and (Pr 1−y La y )Os 4 Sb 12 , y = 0.2, 0.4, 0.6, and 0.8, to clarify the origin of the dynamic damping of the muon spin relaxation observed in these alloys. At low temperatures, LF-µSR experiments in both alloy series indicate that static local field distributions and dynamic fluctuations are both involved in muon spin relaxation. The temperature and concentration dependencies of the muon damping rate Λ suggest that it is due to hyperfine-enhanced 141 Pr nuclear magnetism; the enhancement is responsible for the increased 141 Pr nuclear spin-spin interaction strength and consequent rapid 141 Pr spin fluctuations. Further evidence for this picture comes from the field dependence of Λ, which is in reasonable agreement with fits to the model of Hayano et al. 23 and calculated coupling strengths (Table I) assuming hyperfine enhancement and exchangemediated spin-spin coupling between 141 Pr nuclei. We conclude that hyperfine-enhanced 141 Pr nuclear spin fluctuations account for the observed exponential damping of the muon spin relaxation function in PrOs 4 Sb 12 and its alloys, and that electronic spin fluctuations (other than the Pr 3+ electronic response involved in hyperfine enhancement) are not directly involved in the muon spin relaxation. To our knowledge J el ex has not been determined accurately in PrOs 4 Sb 12 or its alloys. Fits to susceptibility data of CEF models using a molecular-field approximation to the exchange coupling 43 yield a molecular field constant λ = 3.9 mol/emu. This gives J el ex /k B ≈ N A µ 2 eff λ/k B z eff ≈ 0.14 K, where the T = 0 Van Vleck effective moment µ eff ≈ 0.71µ B has been assumed and z eff is an effective number of nearest neighbors. This estimate should probably be considered a rough upper bound. It satisfies the criterion 44 (Table I) .
